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ABSTRACT

The positive column !.n certain gaseous conductors was examined by

external electrostat'ic probe pickup, by photoelectric signal pickup, and by

rotating mirror images for time-periodic oscillat.ons and space-periodic

striations. Mercury vapor with dc excitation gave moving posAive striations

(motion away from anode) of large amplitude with a velocity of about 50 meter

per second. No direct observati.onal evidence of negative striations was found,

contrary to what has been reported by some authors, but there was some in-

direct evidence of weak negative striations. No stationary striat'on pattern

was found in mercury vapor with dc excitation. Mercury vapor with ac

excitation gave pronounced stationary striations, which were found to be the

optical result of cyclic motion of a sequence of moving postive striations.

Ultrapure hydrogen and helium were examined. No oscillation or striation

phenomena were found in these gases with the excepthon of a pronounced

stationary striation pattern in ultrapure hydrogen under dc excitatlor..
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(I. INTRODUCTION)

I. INTRODUCTION

This study was undertaken to examine periodic phenomena in low

density gaseous plasmas. Time-periodic phenomena are called oscillations,

and space-periodic phenomena are called striations. Oscillations and striations

may be present independently if the str:atLons are stationary and the applied

voltage is dc, or they may be concurrent ;f the stria'ions are moving.

Rotating mirror and osc.lograph techniques were designed to check

earlier reports of moving positive and negative striations (defined below).

Also these methods were employed to examine stationary striations reported

in ac operated devices.

A high vacuum tube was constructed with heated nickel and quartz

diffusion leaks to allow the use of ultrapure hydrogen and helium, respectively.

This was undertaken for the purpose of examining two gases other than the

commonly used mercury-vapor and to attempt to answer the ques-

tion of whether or not os.cillations and striat:ons occur in a pure gas.

Three types of str..atons are considered here: stationary striations

with dc excitation, moving striations with d& excitation, and stationary

striations with ac excit at:,.on.

The first type of sxa.ar'on has been observed quite early in the history
1, 2, 3, .

of gaseous conductors. 1 Some ler.gthy d'spute between authors has occurred,

however, on the question of whether cr -,ot 'hese sta,.'ior.ary str'ations occurred

in pure gases or only in mixtures of gases. Severil pr1mary workers of this

periodI,2 employed chemical techniques to generate the ýpurel. gas and

mechanical pumping schemes in a conzr.nuo.r:y -lp•-nped va_;'um system.

The first type of striation is -r.ararterized prr'In..' pally by its non-

symmetric appearance. One side c. -.. i::".: c . .. iPe difiýse whil, the other

is quite sharply bounded.

The second type of striat.on, the moving striation under dc excitation,

was observed only a short tune after ihe first type. Several early workers

-I-



(I. INTRODUCTION)

reported irregular striations sighted in a rotating mirror apparatus.

In 1923, Appleton and West made the initial attempt to link moving striations
3

with electrical oscillations of the tube, but no detailed theoretical connection

between the two phenomena was offered until several workers reexamined the

problem in the 1940's. 4 The theory evolved from this reexamination necessi-

tated the concurrent existence of both a "negative" and a "positive" moving

striation in the tube. The positive moving striation was defined as a space-

periodic distribution of positive electrical charge moving from anode to

cathode, and a negative striation was defined as a similar distribution of

negative charge moving in the opposite direction. Opinion was split regarding
4,5,6,7

the concurrent existence of both of these moving striations•, and to

date the issue is not completely settled.

This study has found the concurrent existence of "positive" moving

striations, electrical tube oscillations, and some indirect evidence for the

"negative" moving striation. However, no direct evidence for the existence of

the negative moving striation has been found.

The third type of striation, the stationary striation under ac discharge
8

conditions, is a relatively recent observation, and is characterized mainly

by its perfect symmetry. At first, it was believed that this type of striation
8

occurred at particular "resonant" frequencies of the gas tube, but this

study tends to indicate that this stationary striation occurs over several small

continuous ranges of frequencles. Experimental evidence contained herein

indicates that this type of striation may be considered as a special case of the

second type where the direction of motion changes alternately.

It should be noted here that striations of types two and three have

been found only in mercury-vapor and not "n ultrapure hydrogen or helium,

but that striations of type one have been found only in ultrapure hydrogen and

rot in helium or mercury-vapor. That is, no periodic phenomenon of any kind

was found in ultrapure helium.

-2-



(II. DEVICES TESTED)

U. DEVICES TESTED

A. Mercury-Vapor Tubes

The mercury-vapor devices employed in this portion of the study

were commercially available General Electric germicidal lamps of 5, 15, and

30 watt sizes. The dimensions of these tubes were I. D. 1/2", length 9 -1/4";

I . D. 7/8", length 14"; and I. D. 7/8", length 32", respectively.

All direct current data herein considered was taken with the filament

in the cathode end of the tube heated.

The gas employed in these tubes may not have been pure mercury-

vaporl however, other spectrum lines were not observed.

B. Pure Gas Tube

A sealed-off tube was constructed such that the conducting path

was constrained to a straight tube approximately 36 inches in length from

cathode to anode. The inside bore was approximately one inch. The anode

was a hollow graphite structure while the cathode was an oxide-coated,

heat-shielded, spiral-ribbon filament.

A Penning ion gauge was sealed to the tube for use as a combination

vacuum gauge and ion pump.

Either pure helium or hydrogen could be admitted into the tube

by means of a heated quartz diffusion leak and a heated nickel diffusion

leak.

By sufficient use of the Penning ion gauge, pressure could be
-7 -8

reduced in the system to a minimum of about 10 to 10 millimeters of

mercury.

In all cases studied in this report, the tube was operated with a

heated cathode. With an tubes tested the cathode power source was a lead-acid

storage battery, and the anode power source was a very well filtered dc supply.10-

-3-



(III. STRIATIONS)

C. Discussion

The mercury-vapor devices gave results much in line with results

obtained by earlier investigators. 456, However, as is noted in greater

detail below, no evidence to date of a substantial nature has been found to

support the hypothesis of the existence of a negative striation.

The pure gas device when filled with hydrogen gave no evidence

whatsoever of any type of moving striation. However, at pressures

greater than a few microns of mercury, a very distinct stationary

striation was noted. This immobile striation is sufficiently distinct and

stable to be photographed quite easily. No oscillatory phenomena were noted

in the anode voltage or phototube outputs while the stationary striations

were very stable, and no moving striations were observable in a rotating

mirror during this time. As noted below, some transient oscillatory pheno-

mena were noted when the stationary striations became indistinct.
9

Contrary to a statement by Pilon, no oscillatory phenomenon

and no striated phenomena of any type were noted in ultrapure helium.

The tube pressure was varied from about 3x10"4 milimeters of mercury

to greater than 10 microns of mercury. In this pressure range and tube

dimension, the helium conduction was unusually quiet.

III. STRIATIONS

A. Instrumentation for the Measurement of Striations

1. Photoelectric signal pickup

An optical pickup was devised with the circuit shown In Fig. 1.

The photomultiplier was placed in a light-tight container with the only light

entrance being through a pair of slits spaced an inch apart. Thus only a

rather narrow portion of a tube could be examined at any one time.

The photoelectric pickup was mounted in a manner such that it

could traverse a track mounted next to the tube, thereby maintaining a fixed

distance from the tube while being movable along its length.

-4-
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(III. STRIATIONS)

2. Rotating mirror

A rotaJ .,g mirror was constructed by connecting a mirror holding

apparatus directly to the shaft of a direct current motor. The dc motor

allowed a continuous control of the mirror rotation velocity. Striation velocities

up to several hundred meters per second could easily be measured by this

method.

3. Oscillographic methods of striation velocity determination

Essentially two different methods of striation velocity measurement

were made using the oscilloscope. First, a method using two electrostatic

pickups on the surface of the tube was employed. See Fig. 2. For a negative

striation, varying the distance L would yield data by which a velocity of

motion could be computed. For any one tube tested in this series, a minimum

distance over which L could vary was greater than 10 centimeters. Thus for

a high sweep speed oscilloscope a change in the distance L should move a

signal picked up a perceptible dfstaace along the sweep time base. Reasonable

accuracy of velocity measurement by this method could be expected up to

approximately 5 x 104 meters/second.

Secondly, a method employed by Donahue and Dieke4 was used.

In this method, the oscilloscope was synchronized by a signal from the tube

anode, and a signal from either an electrostatic pickup or the photoelectric

pickup was fed to the oscilloscope vertical input. By moving the vertical

input pickup along the tube a phase shift could be measured and hence the

velocity.

The fundamental assumption in the the use of the latter method is

that there is a one to one causal relationship between an anode signal

and the striation phenomenon under examination. To date, no evidence

contrary to this assumption has been found.
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(M!. STRIATIONS)

Electrostatic Pickups

-0 Vertical
input

0Sweep

Laboratory for Electronics Trigger

Oscilloscope LFE Model 401

Fig. 2 Striation velocity measurement by oscillographic

means.

-7-



(IM. STRIATIONS)

It should be noted that the first oscillographic method mentioned

above might result in some ambiguity. This would be the case if the strength

of the electrostatic signals due to negative and positive striations passing a

pickup were of approximately the same magnitude. In the second method, this

would not be a problem since the oscilloscope is synchronized with the anode

signal and since it is unlikely that the electrostatic signal of positive and

negative striations %yould be identical.

B. Positive Striations

Let us define for present purposes a positive striation as any

space .periodic disturbance which travels from the anode of the tube to the

cathode, as if it were positively charged.
4, 5, 6

As reported by earlier workers, the light output of the tube

reaches a maximum as a positive striation passes the point of observation

and falls nearly to zero between striations. This is clearly seen from the

output of the photomultiplier or from the rotating mirror.

Both the rotating mirror and oscillographic phase shift measure-

ments show the positive striation velocity to be on the order of 50 meters

per second in mercury-vapor. There is a slight dependence of striation

velocity on tube current for very low currents. However, for currents

above 15 milliamperes inthe mercury-vapor devices there is no regular depen-

dence upon current. It is also noted that above 15 milliamperes operation is on

the normal glow portion of the current-voltage characteristics curve where tube

potential drop is essentially independent of the tube current.
4

Contrary to results reported by Donahue and Dieke, striation

velocity was observed to be approximately constant along the lengthof

the tube. See Fig. 3. The band pattern observed in the rotating mirror

appeared quite even with the individual striations presenting very straight

bands. At low tube currents the rotating mirror revealed rather randomly

irregular striation velocities, but no periodic irregularity as might be

expected from reference 4.
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(MI. STRIATIONS)

C. Negative Striations

4, 7
Several authors have reported the existence of negative

striations with motion directed away from the cathode. At least one
6

experimental paper has reported their notable absence.

Examination of mercury-vapor devices in thiestudyhas shown the

presence of positive striations, but no conclusive experimental evidence

has been found to demonstrate the existence of negative striations. A

rotating mirror has failed to detect them. However, it should be noted

that difficulty would be encountered in detecticr with a rotating mirror if

the striation velocity were to exceed several hundreds of meters per

second. The rotating mirror used in this study was able to detect striations

moving up to only 200 - 300 meters per second.

An oscillographic method as shown in Fig. 2 was employed

with two wires capacitively coupled to the plasma. A signal of amplitude

adequate to trigger the oscilloscope was obtained. No time shift in the

signal could be detected for different spacings between the two pickups.

Since the dircuit could measure a striation velocity of magnitude up to

5x104 meters per second, the possibilities remain that either there
4

exists a negative striation of phase velocity greater than 5 x 10 meters

per second or there exists a periodic distubbance such that the entire

positive column is disturbed uniformly in time, which corresponds to

an infinite phase velocity.

The second oscillographic method by which the oscilloscope

is synchronized with a signal from the tube anode and the photomultiplier

output is presented on the vertical input was also used. Here a weak

light signal (less than 10 per cent amplitude of the positive striation) was

noticed to be superimposed on the light signal due to the positive striation.

Motion of the photomultiplier along the tube revealed that this small light

signal remained fixed on the oscilloscope time base. The net result was the

same, either the small signal was due to a disturbance occurring throughout

-10-



(Mil. STRIATIONS)

the tube simultaneously, which corresponds to an infinite phase velocity,

or the disturbance moved with a very great phase velocity.

The minute si5e of this signal would account for the inability

of a rotating mirror to detect it.

D. Variation in Electrostatic Signal Along the Tube

It was noticed that the signal from an electrostatic pickup

varied in strength periodically as a function of distance along the positive

column. Very sharp null points were found at which the siectrostatic

signal strength dropped to a very low value. See Fig. 4.

This phenomenon was particularly pronounced if the electrostatic

pickup signal was filtered so as to pass only the fundamental frequency

of oscillations of the tube. The signal strength on the average declined with

detector motion towards the cathode.

These results would tend to indicate the existence of both positive

and negative striations by the hypothesis that the null points are fixed points

in space where the two types of striations most. The decline of the signal

strength with motion towards the cathode would be expected if the losses in

the striation due to recombination were slightly greater than gains due to

ionization between meeting points. It is assumed that the two types of
4

striations represent two different polarities of space-charge clouds. If

we follow the hypothesis of Donahue and Disks4 that there exists two types

of striations. one which upon reaching the cathode (or anode) end of the tube

releases one of the opposite type; then it can be shown easily that they pass

each other at fixed points in space.

For example, choose some point of origin near the anode for the

positive striations and assume they release negative striations from some

point near the cathode. See Fig. S.

Consider the striations as infinitely thin sheets of charge 1 . Q2 " Let

the separation betw6en pobitive striations be 1, and the ,pparation between

negative striations be L,2 . Then the position of the first positive striation is

given by
oU-
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Amplitude
of Electrostatic
Signal

: ONODistncealong Tube

1- Anode
5 cm

Beginning of Positive
Column

Fig. 4 Fundamental component of electrostatic signal

amplitude vs distance along discharge tube.

30 watt mercury-vapor lamp @ 50 ma tube

current. Frequency of oscillation is 1100 cps.
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(M. STRIATIONS)

3( - L - Y = L - vlt

where v1 is the velocity of motion of the positive striation.

Assuming now that a negative striation is released when X = 0,

it is seen that the time between successive releases of negative striations

is

t 0 L (2)
0 vI

Thus the separation of negative striations becomes
Llv

L =t 1° 2 . (3)
2 Z2o I

where v2 is the velocity of motion of the negative striation.

For positive striations, an equation of motion relating position

of the nth positive striation to time is

Xin = L + (n-l)LI - vIt (4)

where t = 0 when the first positive striation leaves the point of origin B.

Similarly, an equation for negative striations is

XZM = v2 (t-tI) - (m-l)L2  (5)

for the mth negative striation, where ti is the time necessary for the

first positive striation to travel the distance L from B to A.

t 1 =L

Points in "pace where the striations meet are defined by the

equation

Yin X 2m (6)

-14-



(I1. STRIATIONS)

Substituting equations (4) and (5) into (6Y, we got

L + (n-1)L1 - vlt v,(t-tl) - (m-l)L, (7)

L
L + (n-1)L1 - Vlt- v2 (t - L). (m-l)L . (8)

Substituting equation (3) and regrouping,
L(v1+v2) Llv 2

(vl+V )t = v + (n-l)Ll + (m-I) V, (9)

simplifying,

L vl(n-1) + v2 (m-1)
t= + 1 V(V1 + v2 ) (10)

Position X of the meeting points can be found by substituting (10) into

(4).

X L + (n-1)L 1 - L - (-) + .- 1) )
Ll(L (i + VV2 )

X = ( -m • (12)

Equation (12) shows the positions of intersection of striations of

different types to be fixed points in space separated equally by a

distance
L~v

d= lv. (13)

Note that if v 2 is much greater than v, then d is on the order

of L1 . This has been found to be the case experimentally in mercury-

vapor tubes. The distance L1 is determined from the frequency of tube

oscillation and measured striation velocity. L1 is found to be approximately

also the distance between null points of a graph of electrostatic pickup

signal versus position along the tube.

-15 -



(MII. STRIATIONS)

These results along with negative striation velocity measurements
4would tend to support the Donahue and Dieke hypothesis for the existence

of two types of moving striation@. This would be subject to the condition that

it could be conclusively shown that what has been observed here is in fact a

negative striation of high phase velocity or even infinite phase velocity. It
4

is noteworthy that Donahue and Dieke report negative striation velocities

on the order of 1, 000 meters per second.

E. Effects of ac Excitation on the Devices

A rather vivid demonstration of the existence of positive striations

is obtained when an alternating voltage is applied to mercury-vapor

tubes (here G. E. germicidal lamps). The devices are operated here in a

cold cathode manner, in which case they are symmetrical except for

possible slight differences in the electrodes. The applied ac ionizes the

tube in one half cycle and establishes discharge conditions such that

positive striations are started in motion. The next half cycle's tube

potential tends to move the striations in the reverse direction. The

net optical result is that the positive column appears to be segmented

into a string of glowing beads separated by small dark spaces. A rotating

mirror clearly shows the individual striation motion back and forth.

A more complete demonstration of the back and forth.motion of a

positive striation is shown by Fig. 6. This figure shows oscillograms

of the photomultiplier output for various positions of the photomultiplier

along a single stationary striation. Starting in a dark space between

striations, Fig. 6a, the photomultiplier is moved along the striation in

increments equal to one-eighth of the striation length, Figs. 6b-6i. The

applied ac was approximately 0. 7, milliampere- at a frequefcy of 1500

cycles per :second. The tube.examtne4:wasa :.39 watt G. E. gerrm-icida&I iafp.

-16-
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Amplitude

0 00 0 00 0 000

Time

b g A .

0 0 0

~0 /1,,O CO C0 O0,

Fig. 6. Mercury-vapor tube light

output for various photo-
0 00 0 00 0 00 multiplier positions along a

stationary striation. Tube

excitation is ac. Note that

the zero light amplitude
axis is suppressed.
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(MI. STRIATIONS)

Oscillograms 6a - d are very similar to oacillograms

6i - f as would be expected by considerations of symmetry. Graph@

6b, c, d show one light output peak increasing in amplitude with

motion of the photomultiplier toward the striation center (the peak

marked with a dot). Graphs 6b, c, d also show one light output

peak decreasing in amplitude with motion toward the striation center

(the peak marked with two dots). At the striation center (Fig. 6e),

each peak is of the same amplitude.

As the photomultiplier is moved away from the striation

center to the other end (Figs. 6f, g, h), it is seen that the singly

dotted peak continues to increase in amplitude while the doubly dotted

peak continues to decrease in amplitude.

Thus it is seen that each light peak represents the same

positive striation in a different half cycle of the applied ac. The

singly dotted peak in Fig. 6b shows the positive striation starting

its motion toward one end of the tube and the doubly dotted peak

shows the same striation returning toward the end of the next half

cycle. Each succeeding oscillograrn shows the singly dotted peak

decreasing in amplitude with motion along the tube while the doubly

dotted peak increases in amplitude as the origin of its half cycle

motion is approached.

During the second and fourth quarters of a cycle of an

impressed sinusoidal voltage, the voltage value declines. Thus,

crudely speaking, a decline in tube current and striation light

output with time might be expected to occur during part of the

moving striations cyclic journey. Note this in Figs. 6b to 6h for

the doubly dotted light peak.

A rotating mirror shows that the moving striation spends

a majority of its time at the ends of the stationary striation. This

correlates well with oscillograms 6b and 6h which show a sizable

time lag between the weak light peak and the strong one, thus indi-

cating that the striation moves very little during the time that the

ac is passing from one half cycle to the next.
-18-



(III. STRIATIONS)

The use of ac in a manner that yields a stationary striation

pattern could be very useful in studying the relation of striation ampli-

tude and velocity to tube current and potential drop. Such an analysis

has not been conducted here, so further detailed interpretation of

Fig. 6 is not feasible.

Parameters such as pressure, frequency, and tube current

must be such that each individual striation does not lose its identity

from one half cycle to the next. If this were not the case, a stationary

striation: pattern might not be seen.

This phenomenon has been reported earlier8 with the statement

that it was observed to occur at approximately the frequency at which the

tube oscillated intrinsically under dc discharge conditions. We note here,

however, that this phenomenon is observable at frequencies other than

frequencies near the intrinsic oscillation frequency or its harmonics.

For example, see Fig. 7. Here the discharge tube studied was a G. E.

5 watt germicidal lamp. Discharge current was kept at a low value so

that tube current and potential drop were essentially simsoidal for

convenience in measurement. The length of the stationary striation

in this case was 3 centimeters and was constant over the frequency range

900 to 19, 500 cycles per second. There is only a higher order dependence

of current on frequency for striations to be held perfectly stationary. A

larger or smaller current value than that plotted in Fig. 7 will cause

the stationary striation pattern to drift down the tube in one direction

or the other with a small velocity of a few centimeters per second.

The stationary striation pattern is remarkably distinct.

See Fig. 8, a photograph for the 5 watt tube at'the 3. 7 kc point oti

Fig. 7.
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(IMl. STRIATIONS)

For various other yet unexplored conditions, one or more

stationary striations with ac excitation are often seen to divide into

two distinct stationary striaktions. Also two adjacent striations are

observed to coalesce into one. When the striAtions are seen to drift

slowly down the tube, both of these processes can be observed to

occur at once. Division occurs at one end of the tube, putting stria-

tions into the moving stream. Combination occurs at the other end

of the tube, removing striations from the moving stream.

F. Stationary Striations in Ultrapure Hydrogen

At pressures in excess of a few microns in the hydrogen

filled pure gas device, a very distinct stationary striation was

noted to occur under direct current input conditions. Oscillographic

and rotating mirror examinations failed to reveal the presence of

any type of moving striations. Also, time -periodic oscillations were

conspicuously absent. In most cases, the stationary striation was

stable enough and distinct enough to be photographed. See Fig. 9.

Oscillations did occur in a transient fashion, however,

whenever the stationary striation pattern wav observed to become

indistinct. A rotating mirror revealed this condition to be a vibratory

motion of the entire striated positive column. The column appeared

to move approximately a striation's length back and forth, giving a

total movement of roughly two centimeters.

Considerable difficulties in studies with the hydrogen

device were encountered due to instability. This is possibly the

result of a. rapid drift in internal hydrogen pressure.
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IV. CONCLUSIONS

No conclusive statement is obtainable yet regarding the

question of the existence of oscillations and striations in ultrapure

gases. We note here that work has been done9 where striations and

oscillations have been obtained in helium. However, with the pure

gas device employed here, no such phenomena have been observed.

To date, published reports have been somewhat contradictory

regarding the existence of negative striations. From the above series of

experiments, we conclude that if the negative striation does exist in

the same form as the positive striation, then it travels with a very

high velocity. Since there does exist indirect evidence for its existence

and since velocity measurements have failed to measure a finite

velocity, we can only conclude that there is also the possibility that

the observation is not of a negative striation as such, but of a closely

related phenomenon.

Positive striations, on. the other hand, have been observed

to be very well defined experimentally and quite easy to measure. The

weight of evidence would, appear to overwhelm any question as to the

existence of these striations.

By the observations made of perfectly stationary striations

in an ac driven mercury-vapor device, it is found that the device is not

particularly "resonant" at the frequency of intrinsic oscillation of the dc

discharge. A stationary striation pattern is easily obtainable for a wide

continuous range of frequencies in which the intrinsic oscillation fre-

quency is included. The oscillograms of the photomultiplier output for

various positions of the photomultiplier clearly show that each stationary

striation in the ac case is the optical result of back and forth motion of

a moving positive striation.
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Unfortunately, the oldest known type of striation and most

observed, the stationary striation under dc excitation, has been seen

only in one type of gas in this study. It can be said definitely that

such a phenomenon does occur in ultrapure hydrogen, but the matter

remains incompletely understood.

It is tempting to speculate that the striation velocity (where

a velocity exists) is equal to the velocity of a sound wave, or something

similar to a sound wave in a gas. The observed velocity of positive stria-

tions in mercury-vapor is very close to 50 meters per second. Stationary

striations where a frequency exists would also allow a velocity to be cal-

culated. Unfortunately, no case of the latter was found in the gases observed.

The velocity of sound in a gas depends on two things, the molecular weight

and the temperature. The question arises as to what temperature to use. If the

electron temperature (e. g., 30, 000 deg. K. ) is used, the calculated velocity

is far too high; if the positive ion temperature (e. g., 3, 000 deg. ) is used,

the calculated velocity is still much too high; if the neutral gas temperature

(e. g., 300 deg.) is used, the calculated velocity is only about a factor of

2 too high. Perhaps the striation velocity is the velocity of sound in the neu-

tral gas modified by wall effects. If so, this raises the question of how

the charged particle motion is coupled to the neutral molecule motion.

-25-



(REFERENCES)

REFERENCES

1. Druyvestyn, M. 3. and P( !i-.ing, F.M. , 'The Meck',anism of

Electrical Discharge.s ".n Gases of Low Pressure, " Rev. Mod.

Phys., Vol. 12, No. 2 (1940), p. A66.

2. Darrow, K. K. , E-e,-.*r'cal Phenomena in Gases, Baltimore:

Williams and W'Ikins, 1932.

3. Appletor, E. V. and Wes-, A. G., R.onk Oscillations in the

Striated Glow Discharge, " Phil. Mag., Vol. 45 (1923), p. 879.

4. Donahue, T. and T.'leke, G.H. , "Oscillatory Phenomena in

Direct C.,izrent GlowD scharges, Phys. Rev., Voi. 8l, No. 12

(1951), p. 248.

5. Loh, H. Y. and DIeke, G. H. , 'Fluctuations "n Gas Discharges,"

J. Opt. Soc. Am., Vol. 37 kI947), p. 837.

6. Foulds, K. W. H., - Moving Str•at-ons "n Low Pressure Mercury-

Vapor," J. Ele':tronr.:s and ControA, Vo-. 2, No. 3 (.,5b), p. 270.

7. Robertson, H. S., "MovIng Srzrations I.n D're,,: Current Glow

Discharges, Pt- ys. Rev., Vol. 105, No. 2 .'957), p. 368.

8. Stewar'., A.B. , "Glow D*-s'harge Resor, 2 , .!. Opt. Soc. Am.,

Vol. 45, No. 8 (1955), p. 65-

9. Pilon, A.M. , -Os. "l.'tions '.` D';,e, Current: G~ow Di.scharges,"

Phys. Re',., Voj. 107, No. 1 ji957), p. 25.

10. Dobratz, B. E. , A S-udy of C~r - j'.deP:e.ndernv Osc']iat.ons

in a Gaseous Conduc'oro, ' Ejo. - Res'-r h Laboratory,

Un'versl y of Ca...'lorrla, Berkeley, C c..frn4a, Scientific

Report No. 12, Series 60, issue 344.

11. Crawford, F. W. and Kno, G. S., 'OscI~.,';ions and Noise in

Low Pressure dc Discharges, - Pro.. IRE, Vol. 49, No. 12

(1961), p. 1767.

.26..-



hlRISULTION LUI
Clat..,TiHo. A? 194425-324

ORGANIZATION NO. COPIUS ORGANIZATION NO. COPIEtS ORGANSZATION Pfm CP3S

AralTC (A IMYC Toohoa ta Aldoin Llbr...y mtayMan C MpAY
Lihoo'pM D-lIS) Uat:7.~ A. ~a..Hood Pta,.

Pi,k* Atra Slrdo I C ltt.li.V..~l 5 n~.c

AUL Moir� R1o.o,A Moid-, ATTNG: L.. C Edobard.
WorooI ASS Aloha,, I C.anoe. Jo... Staff

OA AO ..Jh t -. j24W Waisoa,.*It. A-ono., N W0. Roohl.td~
OAR(AGO C,).J.ii H Salo)WR1.A,,g~. D.C 66303 Csod"a A...-

4."iA�. Callop Park. Califo...a
Sib od Idooflon. Ao~o.D,,oit ,,iDo')pooo PIa...... ATTN- Dr. A. N Soda,

oott.5.D.C. 'lC H 6T1i~lg mso"rttoa S64-370
Hq CSAF (AICDP-2 Md~ilhoo L .o....

AfIOS OAR JSHY?) 1.b.go 2 A C 01 Aro, CS. H .Aahoaooo. a

4 Tbdolp'odo,, A rM, ADC SIALT P A WNh Pie , N .....co1, oCIC,,i ASS No. Y.,, I ATTIN Dr,. Coltoo

o I ti,., AIR Oh,., 11 C.,Ii ASH N-~ Tok 1 11* N. FoottIi Rood
Soosoly Sills. CaI=,ZlooC binD) ~~ASD (ASRMfL. M, R,-iad H-o,) ATTN S,,. S,,I.ooIb oty

P i~~o~u, Is,.,,,~ H.Str.. osA� �,l~bqr.
Ad...,.,,.,p., lt,,Do-..o (ACED) M""It.. ooo,

D-.., OilT A, MooN: 0,, hi.o~o A, C.-.

io.oh)Noo. 10 Wosi,.,b,.Eho,
,'~*,i~lbP t~o 5, btA Sr..,)P 0 3-, 2504

Wrh~ppo,. Lo.is.1i ATTN D. C Riot, Hood

W b, pp., N-oo,. M-=-o.ooR..o-h L&Do.olp-,o

,, ~ ~ ~ AT N[_ n. ' T.o ii o, Iddl, Nt..o ....

AD At, V- Vi,.N, i,ll,o ATTN 45 I. A...k. S'--oct--

5.- , I ,, Ad-ood LI'. 1--, ,. Co-t-o L,,,A CI.~ai
I .o~,.... .,,i A...P , oco

ATTN R.CI I tl i,,v1 I ATTN Di ad.-~~i

o~~~~.. Id Tril.iO Io Eo. .... 0l.,I-OSCop~oo o

ATTN I,. MY.".t

AlI' A -1 ft.. o,,io.. C odo 142

ii,,.,.,.,l Spoit~~~~ooU_ .. p.n,., Tb NI.....b ob~~t

ARo Id m4 2 5 S 'ort S N _ AY, Dr br t M
ott,),.~~A oIN T.R o IiIo~o Foo., N, Uionn1Road

i~~ib...do~I. Z.a~ "Ioor tctac I ahld oll aooroos
o ,IN NAS R.pio~iot..INAIILI i.i,.te Eolob..... C rrrwa,.iP-,io Lo Diop. dro.. too INa..r. Cotm.t,,rladr o

IIIo-d t~ba o,i ATTH: Dr. Siorhi A i Ioh,T I11 r- l tOor.d sA N.. bth
ATT !k .. L.4,o. ". MV.1o1 Ad, 9-- S Uoo 1-d-tinrd

No,,iI ldi ,o.,o1od Nr8 Ao,,sro,, l' 91000 11ho1t.i

A7 N NS p , -,I K L 5. l I I1-1 So, .oi.. Aoro,, frartod. Cailtfoaso

.,:: ATTNro Ii, Dron ATTN A0,l ValP,.,i

.iiTND D.i 14, 2-J Ad-,, 11E Colol d oi-ttv T,

T ;, -1.00 £0 1)P.o A o. Coo. ~ ATTN D'. Ha. C - I no.
I A No o * . aro i . o, ,, t A T TN tO. Id Pi .. R. N. o , 2
R5,,iIb.D.C 2 olyioii.,, tloitot oA Thoootdy,

.... ... oP o R""orT 1W .155
7D h 2sW, Pioo ATT _ 0Snl ATTN- Dr. N. 3 Prono,

H~Tir . hbooa ho.. ..... IT125 Aoooo, Ctroot ATYN' Pro. aot L. oo

THRU ~ ~ ~ ~ ~ ~ Pl Alto Colilototo T O' Sal 1-lo

AV.. OARy (otoAto SonrHtooo" Solo,. A rtN 50 A~. D--o~p~h ttog4 W. D Ioro" oA=orl
L.SG C. -.ottoot AntsyA. Cooooood,. Collog. P1r. OiRylP.Ot,.Wo .. A.. Hoe 4to AVUD KIM ,ota't.i.. ottp ATTN:Itt D . MI. L. ISorgor

U:.:A.,R.. ) .1ATTN: DW A. KH.. RaoopthI totk. Nowie Yorklia

loiror ATN 5 .H. Soars ..
Rood. 8- 426 to lt PA l p VCO horotor,'os

ATTN: Worn., P. . Aroaltdo. Drhooo fi ial
L oottl f5*. rqt R,,o. lo eolt ,to ATTNI DW. A. Sar. Do

Now York 25. How YorkRoor,h TooiNorth Ar.o.c~to. P . too. booo ol.w.S sN.sg
ATTNI~TTN Llhrrlo P A,-, 5s. olsooth., How Jo.o
fritto.l~. ... .. tac it.oh .t Ant ATYNi i, So. b .otlok

hbo aent bosltut ofol TooNele. AIoCo Stb...,,hsoolt. TllodsATToN:hLiahrbobSR ATI 2.mhato lrorfi o hooa op
Casflrli

7
.'* 39.' flo"hoos AmO Ao - ATTN:1  M_ .fl ortso

ATTNCI ot, ft Dr. I AOCUkr
Atwoldhowat An~lre .oro Tottddvil TA- ~ o bqARL.R -Dn H P.obý

R..-.b Lb.ý-7 AT" ; J. Im~ldL 0I U Ilroaiyaopsleosi
I*.abao M.lo ATTN:d hat.ofr..md



I I 1:I H

oz. . i "

S I

o "I SA

I U 7i to1 Hl *~il

• '

I ;0. Z e ., H. x l• g " i-Io2 .:

IN. 0 0:< .,• o 1: 1 ,_1 1

-- - - - - --

I~ A.*. . I A j 1!

0 ~ ~-. - - = H.!,,: ,,- i•to ;• '°l• •

"i>C Di;N;•:,

IL I 's-

i s I s's1 ,z~
VIA Vi V

!H _L - -- - -


